Population densities and ionization coefficients of transient hydrogen plasmas have been calculated for typical ionization and recombination conditions. The results have been obtained by solving a system of differential equations by means of the Runge-Kutta method. Each equation describes the temporal evolution of a quantum state belonging to the plasma. Two initial conditions have been studied: i) The number density populations of the excited states are in Saha equilibrium with the electrons ii) the densities of excited states are equal to zero, whereas the initial condition for the ground state density is caracterized by a non-equilibrium parameter (t = 0) =n1/niE > which has been varied from 10® to 10 -2 . Typical results for electron number densities ne ranging from 10 8 to 2.5-10 13 p/cm 3 and electron temperatures ranging from T = 8000 to 16000 °K are presented and discussed.
Introduction
Population densities and ionization coefficients of hydrogen plasmas have been calculated by many authors by using the quasistationary model (QSS) of Bates et al. 1 . According to this model, the population densities of all excited states, , obey the stationary state condition = 0), while the ground state density is transient (S/^/Sf 4= 0). The QSS model is usually justified on the basis of the shorter relaxation times of the excited states as compared with the corresponding ground state relaxation time.
In this work the QSS hypothesis have been removed; the aim is to study the transient behaviour of population densities and of ionization coefficients before the achievement of the QSS conditions. The analysis of the problem follows that recently used by Limbaugh and Mason 2 for recombining helium plasmas. These authors, however, did not consider ionizing plasmas, which are indeed important under many experimental situations. MoreEquation (1) refers to a homogeneous transient plasma in which only radiative and electron collision processes are effective in populating and depopulating the levels. over, some problems not considered in the paper of Limbaugh and Mason, such as the influence of the location of the critical level and the influence of the selection of the initial conditions on the temporal evolution of population densities and of ionization coefficients, will be considered.
A part from some unpublished work quoted by Limbaugh and Mason, there exists an other paper on transient hydrogen plasmas by Gordiets et al. 3 . A comparison of the present results with those of Gordiets et al. is rather difficult, because these authors were concerned with the effects of sudden changes in the plasma parameters.
The Master Equation
The temporal evolution of the population density nt of the ith quantum state belonging to an atomic hydrogen plasma [H(i), H + and electrons e] can be written as
The rate coefficients appearing in Eq. (1) are those for collisional ionization (Kic) and recombination (Kci), collisional excitation (Kjj, i</) and deexcitation {Kji, i>j), spontaneous radiative 4 . The radiative reduction parameters lij and /,• take into account the processes of photoabsorption (bound-bound transitions) and photoionization (bound-free transitions) in optically thick plasmas 5 .
The system of differential equations typified by Eq. (1) can be solved by adding the auxiliary condition -dne/dt= ^dni/dt = y(t)nen+ (2) i and by considering the temperature as a parameter (see Reference 2 ). It has been numerically integrated by means of the Runge-Kutta method as modified by Gill 6 . The dimension of the systems depends on the number of quantum states n* considered. In the present study we have inserted 20 quantum states; this choice will be discussed later. The temporal evolution of the population densities ni can therefore be obtained if one knows the distribution of rii at a given time t. In the present study two initial conditions have been arbitrarely selected 1) the n,'s have been considered to be in Saha's equilibrium with the electrons 2) the n?s have been assumed to be zero, whereas the ground state population (i = l) has been characterized by a nonequilibrium coefficient bt(t = 0) = njn\v which has been varied from 10 6 to 10 -2 . It is worth noting that under condition (1) for the excited states the condition bx (t = 0) =1 indicates an equilibrium state; this state is changed by the onset of radiative processes.
The temporal evolution has been allowed to achieve in some cases the quasistationary conditions
where a and S denote the collisional radiative recombination and ionization coefficients respectively. The condition [drii/dt = 0]j>i yields a system of linear equations, which can be solved by taking the electron number density ne, the ground state number density nx and the temperature T as parameters.
The solutions are usually expressed by means of the coefficients r0(£) and rx (i) which are related to the Saha decrements 6; through
(subscript E refers to equilibrium conditions).
The coefficient y appearing in Eqs. (2), (3 b) defines the type of plasma; "/<0 indicates an ionizing plasma and y> 0 a recombining one. It should be noted that according to the value of nj/n^ one can pass from recombining to ionizing plasmas; this becomes evident under the quasistationary conditions, since in this case both a and S do not depend on /ij/niE . interesting to note that in the early part of the evolution (times of the order of 5'10 -9 sec) the temporal derivatives of the first excited states exceed the corresponding value for the electrons.
Results

a) Ionizing Plasmas
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The approach to the QSS conditions is clearly shown; in order to understand this approach, Eq.
(1) can be subdivided into the different contributions populating and depopulating a given quantum
where c9l(t) and rp;(£) are the collisional and radiative population rates respectively and c<jj(t) and r<jj(0 denote the corresponding depopulation rates.
The different terms in Eq. (5) have been reported
in Table 1 at different times for the quantum state i = 2 chosen as an example. We can see that the term cvi(t) is constant during the temporal evolution, due to the fact that this term derives almost completely from the process H(l)+e->H (2) Table 2 shows the Saha decrements bi(t) for selected values of i at ne = 2.69 • 10 13 p/cm 3 [bt (t = 0) = 10 6 , r = 16000 °K, Xn= 1, Xi = 1]. We note that the overpopulation of the excited states is rather regular during time. The y(t) coefficients, as calculated from Eq. (2), are given in Fig. 3 for the two conditions previously examined. The behaviour of the two plasmas is similar; the main difference is the time necessary for the two plasmas to reach a constant value (for ne = 2.69-10 13 , J = 5-10 -8 sec; for ne = 10 12 p/cm 3 t = 3 • 10 -7 sec). Also reported in Fig. 3 are the values of y(t) for a thick plasma [ne = 10 12 , M* = 0)=10 6 , T= 16000 °K, Xl} = X2j = = X2 = 0]; one can note a larger variation of y(t) as compared with the previous cases. Figure 4 shows the temporal behaviour of drij/dt for i ^ 5 and dne/dt for a typical recombining condition [61(i = 0) = l, ne = 10 12 , T= 16000 °K, Xij = 1, Aj = l]; besides the sign of the derivatives, the approach to QSS conditions is similar to that shown in Figure 1 . Figure 5 shows the values of 
b) Recombining Plasmas
bi(t) for selected values of i as a function of time.
It is worth noting that the values of bj(t) are practically independent of nx during the time evolution (the range of 6^ = 0) studied is 10~2-10 2 ) ; this result can be easily justified by the QSS conditions, for which is given by the coefficient r0(i) which, in turn, is independent of n1. Figure 6 shows the behaviour of y(t) at different electron number densities. It should be noted that the temporal evolution of y(t) is zero at low ne and it increases with increasing nc. This point can be TI MF. (ser) The rate of this process depends on rii which in turn presents temporal variations; as a consequence we observe the trends of Figure 6 . An other important point which can be drawn from Fig. 6 is that at high ne (ne = 2.69 -10 13 p/cm 3 ) in the early part of temporal evolution (times of the order of 10 -9 sec) the plasma behaves as an ionizing plasma (;'<0).
Once more this point can be explained on the basis of the collisional processes working in the plasma; in the early part of the evolution, in fact, the ionization collisional term ne 2 ni Kic is greater than the i radiative recombination term. As the plasma evolves, the collisional ionization term decreases due to the underpopulation of the excited states and the radiative recombination becomes the leading term. As a consequence, the plasma evolves from a regime of ionization (7<0) to a regime of recombination (7>0). It is interesting to note that the greater contribution to the sum ne 2 nt KiC comes from i the low lying levels, since the contribution coming from the high lying levels is compensated by the inverse processes, due to the fact that these levels are in equilibrium with the electrons..
Choice of the Initial Conditions
So far all plasmas have been studied starting at t = 0 with an equilibrium distribution amongst the excited states. We compare now these results with the corresponding values obtained by imposing at t = 0 rii = 0 for i> 1. Values of bi(t) and y(t) calculated according to the two different initial conditions have been listed in Tables 3 and 4 for a typical ionizing condition [6^ = 0) = 10 6 , ne = 10 12 p/cm 3 , T= 16000 °K, ki = 1, *i = l]-One can note that the temporal evolution of the Saha decrement b\ (j) is similar in the two cases, even though the numerical values are different (specially for high lying excited levels) before reaching the QSS conditions. It is evident that the sets of bi(t) values go towards the same QSS values, since these values do not depend on the initial conditions. It should also be noted that since the quantum states reach their QSS values in times proportional to their relaxation times, the differences in the values of b\(t) originating from the choice of the initial conditions last longer for the excited states. In Table 4 we compare the values of y(t) obtained from the different initial conditions; it can be noted a completely different behaviour in the values of y(t). In particular, starting with n, = 0 for i>l, the plasma behaves in the early part of the evolution as a recombining plasma. This behaviour can be explained by inspecting the master equation of the electrons, which can be written for an optically thin plasma as follows:
Starting at t = 0 with nt = 0 the only positive contribution to Snjdt comes from the ionization of the ground state, so that the negative terms dominate in Eq. (6) ; during the temporal evolution, however, the excited states become overpopulated and other terms contribute to 2 nx KiC . As a consequence we i observe the transition from a recombining to an ionizing plasma. From this point of view both types of plasma present a similar temporal evolution leading to the same y values.
Accuracy of the Results
The following points should be considered in order to discuss the accuracy of the present results i) the selection of the cross sections ii) the number of equations considered. and n* = 10 shows only small differences. Moreover these differences are practically equal to those calculated for the quasistationary conditions; as a consequence we can say that the present results can not be improved by increasing the number of equations.
An other important factor which can influence the accuracy of the present results is the choice of the bound error to be used in the numerical integration of the system of differential equations. In the present study a bound error less than 10~8 has been used; bound errors greater than 10 -8 influence the stability of the program (even though shorter execution times are needed). We can note (see Table 5 ) a good agreement between the sets of bi(t) and y(t) values calculated according to the independent procedures; this point can be taken as an indirect confirmation of the accuracy of the present results.
Conclusion
It might be interesting as a conclusion to see how the present model can be utilized. First of all it gives a rather good idea of the times necessary for achieving a quasistationary state starting from a given initial condition. An other possibility is to study the transition times of a system which changes from a given stationary state to another stationary state either because of a sudden variation of the electron density or of the temperature. 
